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reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.
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Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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QCD	
  Lagrangian	
  
•  QCD	
  has	
  one	
  coupling	
  parameter	
  (gs)	
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QED	
   QCD	
  

Screening	
  
Cloud	
  of	
  virtual	
  e+e-­‐	
  pairs	
  weaken	
  
charge	
  coupling	
  at	
  large	
  distance	
  

An@-­‐Screening	
  
Gluon	
  self-­‐interac@on	
  strengthens	
  
charge	
  coupling	
  at	
  large	
  distance	
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Renormaliza@on	
  of	
  QCD	
  
•  Consider	
  the	
  one-­‐loop	
  correc@on	
  to	
  QCD:	
  

An	
  Introduc@on	
  to	
  QFT:	
  Chapter	
  16	
  -­‐	
  Peskin	
  &	
  Schroeder	
  

•  Loops	
  are	
  divergent	
  and	
  requires	
  the	
  introduc@on	
  
of	
  an	
  arbitrary	
  UV	
  cut-­‐off	
  (Λ)	
  to	
  regulate	
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Renormaliza@on	
  Group	
  Equa@on	
  

•  The	
  renormaliza@on	
  scale	
  (μ)	
  is	
  an	
  unphysical	
  scale	
  to	
  regulate	
  
the	
  theory	
  

•  If	
  “A”	
  is	
  an	
  observable	
  quan@ty,	
  it	
  should	
  not	
  depend	
  on	
  the	
  
arbitrary	
  choice	
  of	
  μ	
  

•  Observable	
  “A”	
  will	
  sa@sfy	
  the	
  renormaliza@on	
  group	
  equa@on:	
  

Note:	
  The	
  renormaliza@on	
  scale	
  are	
  denoted	
  Λcut-­‐off,	
  μR,	
  MUV	
  interchangeably	
  in	
  the	
  literature	
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β	
  func@on	
  
•  A	
  quick	
  recap	
  of	
  the	
  2	
  main	
  points:	
  

1.  Physical	
  observables	
  should	
  not	
  depend	
  on	
  the	
  
unphysical	
  scale	
  μ	
  

2.  Dependence	
  on	
  the	
  energy	
  scale	
  μ	
  is	
  absorbed	
  into	
  the	
  
coupling	
  constant	
  

•  The	
  dependence	
  of	
  the	
  coupling	
  constant	
  with	
  the	
  
energy	
  scale	
  is	
  called	
  “running”	
  and	
  described	
  by	
  
the	
  β	
  func@on:	
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SU(N)	
  gauge	
  theory	
  

•  Quark	
  loop	
  vacuum	
  polariza@on	
  diagram:	
  

+
2nf
12π

−
11N
12π

•  Gluon	
  loop	
  diagrams:	
  

An	
  Introduc@on	
  to	
  QFT:	
  Chapter	
  16	
  -­‐	
  Peskin	
  &	
  Schroeder	
  

The	
  1-­‐loop	
  contribu@ons	
  to	
  β	
  func@on	
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β	
  func@on	
  in	
  QCD	
  

•  For	
  SU(N=3)	
  gauge	
  theory:	
  

µR
2 ∂αs

∂µR
2 = β(αs ) = −

33− 2nf
12π

#

$
%

&

'
(αs

2

•  There	
  are	
  2	
  main	
  features	
  to	
  the	
  β	
  func@on	
  in	
  QCD:	
  
1.  Depends	
  on	
  nf,	
  the	
  number	
  of	
  ac@ve	
  fermion	
  fields	
  
2.  Since	
  nf	
  ≤	
  6,	
  β	
  <	
  0	
  and	
  the	
  running	
  coupling	
  constant	
  

tends	
  to	
  zero	
  at	
  large	
  momenta	
  (asympto@cally	
  free)	
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Running	
  of	
  αs	
  

Active flavours & running coupling

The (active) field content of a theory modifies the running of the 
couplings  

50

Mcharm	
  =	
  1.3	
  GeV	
  

Mbonom	
  =	
  4.2	
  GeV	
  

Mtop	
  =	
  173	
  GeV	
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Figure 9.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
pre-average values of each sub-field. The dotted line and grey (dark shaded) band
represent the final world average value of αs(M2

Z).

whereby the dominating contributions to the overall error are experimental (+0.0017
−0.0018), from

parton density functions (+0.0013
−0.0011) and the value of the top quark pole mass (±0.0013).
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e+e- annhilation 

ALEPH	
  detector,	
  CERN	
  

JADE	
  detector,	
  DESY	
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R-­‐ra@o	
  

Since	
  common	
  factors	
  cancel	
  in	
  numerator/denominator,	
  
to	
  the	
  lowest	
  order:	
  

R(Q2 ) = NC qf
2

f
∑ NC=	
  3	
  for	
  SU(3)	
  

qf	
  is	
  quark	
  electric	
  charge	
  

Q	
  is	
  center-­‐of-­‐mass	
  energy	
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R-­‐ra@o	
  (1st	
  order	
  correc@on)	
  

When	
  including	
  1st	
  order	
  correc@on:	
  

R(Q2 ) = NC qf
2

f
∑ 1+

αs Q
2( )

π

"

#
$
$

%

&
'
'
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R-­‐ra@o	
  (2nd	
  order	
  correc@on)	
  

When	
  including	
  2nd	
  order	
  correc@on:	
  

R(Q2 ) = NC qf
2

f
∑ 1+

αs Q
2( )

π
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αs Q
2( )

π
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C2	
  =	
  1.9857	
  –	
  0.1152nf	
  (from	
  PDG)	
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Extrac@ng	
  αs	
  from	
  R-­‐ra@o	
  

17	
  

1.  Collide	
  e+e-­‐	
  
2.  Measure	
  rate	
  of	
  events	
  with	
  

hadron	
  and	
  lepton	
  as	
  final	
  states	
  
3.  Take	
  ra@o	
  of	
  rates	
  to	
  obtain	
  R	
  
4.  Extract	
  αs!	
  

Mission	
  Accomplished?	
  



Extrac@ng	
  αs	
  from	
  R-­‐ra@o	
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Leading	
  order	
  term	
  
is	
  independent	
  of	
  αs	
  

Radia@ve	
  QCD	
  
correc@on	
  is	
  small	
  

1.  Collide	
  e+e-­‐	
  
2.  Measure	
  rate	
  of	
  events	
  with	
  

hadron	
  and	
  lepton	
  as	
  final	
  states	
  
3.  Take	
  ra@o	
  of	
  rates	
  to	
  obtain	
  R	
  
4.  Extract	
  αs!	
  



•  Instead	
  focus	
  analysis	
  with	
  #jet	
  ≥	
  3,	
  
leading	
  contribu@on	
  is	
  sensi@ve	
  to	
  αs	
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•  Event	
  Shape:	
  
–  Jet	
  topology	
  (momenta	
  flow,	
  
angular	
  distribu@ons)	
  affected	
  by	
  
gluon	
  emission	
  

•  Jet	
  Rates:	
  
– e+e-­‐	
  à multi (3,4,5,6) jets	
  

Jet	
  Rates	
  &	
  Event	
  Shapes	
  



•  Jet	
  Rates	
  
–  Durham	
  clustering	
  algorithm	
  

–  Jet	
  mul@plicity	
  dependence	
  on	
  jet-­‐
algorithm	
  clustering	
  threshold	
  ycut	
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•  Event	
  Shape	
  
–  Define	
  Thrust:	
  

–  By	
  defini@on,	
  nT	
  points	
  in	
  direc@on	
  
that	
  is	
  collinear	
  with	
  the	
  maximum	
  
flow	
  of	
  momenta	
  of	
  the	
  event	
  

–  T=1	
  for	
  back-­‐to-­‐back	
  jets	
  
21	
  

pi:	
  Momentum	
  of	
  par@cle	
  
nT:	
  Thrust	
  axis	
  

–  T=0.5	
  for	
  perfectly	
  spherical	
  distribu@on	
  of	
  momenta	
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Collinear	
  jets	
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reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  

0.1

0.2

0.3

αs (Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τ decays (N3LO)

1000

 (NLO

pp –> tt (NNLO)

)
(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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Kronfeld, K. Kousouris, M. Lüscher, M. d’Onofrio, S. Sharpe, G. Sterman, D. Treille,
N. Varelas, M. Wobisch, W.M. Yao, C.P. Yuan, and G. Zanderighi for discussions,
suggestions and comments on this and earlier versions of this Review.

♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.

February 10, 2016 16:30

22	
  

PETRA	
  collider,	
  DESY	
  
e+e-­‐	
  collider	
  @	
  14-­‐44	
  GeV	
  

LEP	
  collider,	
  CERN	
  
e+e-­‐	
  collider	
  @	
  91-­‐206	
  GeV	
  

PETRA	
  

LEP	
  



Deep Inelastic Scattering 

ZEUS	
  detector,	
  DESY	
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Deep	
  Inelas@c	
  Scanering	
  (0th	
  order)	
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•  Lepton-­‐Proton	
  collider	
  

Cross	
  Sec@on:	
  

Parton	
  distribu@on	
  
func@on	
  (PDF)	
  

Structure	
  func@on	
  

•  fl(x)	
  independent	
  of	
  Q2,	
  invariant	
  to	
  scaling	
  
•  Partons	
  are	
  point-­‐like	
  (Bjorken	
  scaling)	
  



Deep	
  Inelas@c	
  Scanering	
  (1st	
  order)	
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•  PDF	
  is	
  no	
  longer	
  scale	
  invariant	
  (not	
  point-­‐like	
  free	
  quarks)	
  
•  Evolu@on	
  of	
  PDF	
  given	
  by	
  DGLAP	
  equa@on:	
  



F2	
  with	
  pertuba@ve	
  QCD	
  
•  Including	
  higher	
  orders	
  in	
  pQCD,	
  the	
  structure	
  func@on	
  becomes:	
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QCD	
  review	
  
PDG	
  

1.  F2(x,Q2)	
  has	
  Q2	
  dependence	
  because	
  of	
  QCD	
  radia@ve	
  correc@on	
  
2.  Strong	
  coupling	
  constant	
  αs	
  gives	
  size	
  of	
  correc@on	
  
3.  C2(n),i	
  coefficient	
  is	
  calculable	
  from	
  Feynman	
  diagrams	
  



F2	
  dependence	
  on	
  Q2	
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hnp://www.mit.edu/~hasell/DKH_zeus.html	
  

DIS	
  analysis	
  done	
  to	
  NLO	
  

Extrac@on	
  of	
  αs	
  
from	
  low	
  x	
  curves	
  



Jets	
  cross-­‐sec@on	
  in	
  DIS	
  
•  Produc@on	
  of	
  jets	
  is	
  a	
  more	
  direct	
  measurement	
  of	
  αs	
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Measurement	
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  αs	
  at	
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  Func@on	
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reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.
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Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.

February 10, 2016 16:30

29	
  

HERA	
  collider,	
  DESY	
  
e-­‐/e+	
  @	
  27.5	
  GeV	
  
Proton	
  @	
  920	
  GeV	
  

HERA	
  



Hadron-Hadron Collisions 

ATLAS	
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Probing	
  QCD	
  with	
  Hadron	
  Collisions	
  

•  Higgs	
  produc@on	
  from	
  gluon	
  fusion	
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Cross	
  Sec@on	
   Parton	
  Distribu@on	
  Func@ons	
   Partonic	
  Cross	
  Sec@on	
  



Cross	
  Sec@on	
  Measurements	
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Good	
  agreement	
  with	
  NLO	
  QCD	
  predic@ons!	
  



Jet	
  produc@on	
  in	
  Hadron	
  Collisions	
  

•  σ(Jets)	
  is	
  sensi@ve	
  to	
  αs	
  at	
  lowest	
  order	
  
•  Dependence	
  on	
  energy	
  measured	
  by	
  LHC	
  from	
  ~10	
  to	
  103	
  GeV	
   33	
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reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.
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Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
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but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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Why	
  τ?	
  
•  The	
  only	
  lepton	
  that	
  can	
  decay	
  hadronically	
  
•  Can	
  probe	
  QCD	
  at	
  energy	
  scales	
  of	
  Mτ	
  =	
  1.8	
  GeV	
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= 3Vud
2

Naïve	
  lowest	
  order	
  

•  QCD	
  perturba@on	
  would	
  cause	
  a	
  correc@on	
  to	
  
the	
  hadronic	
  decay	
  width	
  

Rτ ∝
ds
Mτ

2 1−
s
Mτ

2

#

$
%

&

'
( 1+

2s
Mτ

2

#

$
%

&

'
( 1+αs s( )+ 1.9857− 0.1152nf( )αs s( )

2
+...)

*
+
,0

Mτ
2

∫
Correc@on	
  iden@cal	
  to	
  the	
  R-­‐ra@o	
  in	
  e+e-­‐	
  

Integrated	
  over	
  allowed	
  range	
  of	
  invariant	
  masses	
  from	
  decay	
  of	
  τ	
  



•  Using	
  τ	
  hadronic	
  decay	
  width	
  from	
  LEP:	
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Summary	
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reasonably stable world average value of αs(M2
Z), as well as a clear signature and proof of

the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0013

pp –> jets
e.w. precision fits (NNLO)  

0.1

0.2

0.3

αs (Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

October 2015

τ decays (N3LO)

1000

 (NLO

pp –> tt (NNLO)

)
(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).
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♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [379],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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